Alemayehu, Adamu, Laura Breen, Drahomira Krenova, and Morton P. Printz. Reciprocal rat chromosome 2 congenic strains reveal contrasting blood pressure and heart rate QTL. Physiol Genomics 10: 199-210, 2002. First published July 23, 2002 10.1152/physiolgenomics.00065.2002.-Evidence exists implying multiple blood pressure quantitative trait loci (QTL) on rat chromosome 2. To examine this possibility, four congenic strains and nine substrains were developed with varying size chromosome segments introgressed from the spontaneously hypertensive rat (SHR/lj) and normotensive Wistar-Kyoto rat (WKY/lj) onto the reciprocal genetic background. Cardiovascular phenotyping was conducted with telemetry over extended periods during standard salt (0.7%) and high-salt (8%) diets. Our results are consistent with at least three independent pressor QTL: transfer of SHR/lj alleles to WKY/lj reveals pressor QTL within D2Rat21-D2Rat27 and D2Mgh10-D2Rat62, whereas transfer of WKY/lj D2Rat161-D2Mit8 to SHR/lj reveals a depressor locus. Our results also suggest a depressor QTL in SHR/lj located within D2Rat161-D2Mgh10. Introgressed WKY/lj segments also reveal a heart rate QTL within D2Rat40-D2Rat50 which abolished salt-induced bradycardia, dependent upon adjoining SHR/lj alleles. This study confirms the presence of multiple blood pressure QTL on chromosome 2. Taken together with our other studies, we conclude that rat chromosome 2 is rich in alleles for cardiovascular and behavioral traits and for coordinated coupling between behavior and cardiovascular responses. hypertension; genetic; salt; SHR; telemetry PUTATIVE ARTERIAL PRESSURE loci have been identified on over half of the chromosomes of the spontaneously hypertensive rat (SHR) and on numerous chromosomes of the Dahl salt-sensitive (Dahl-S) hypertensive rat (5, 16, 17, 21) . However, when individual loci are separated out and expressed on a uniform homozygous genetic background, as in congenics or consomics, their individual contributions to elevated arterial pressure sums to greater than 100% of the total observed hypertension in the original genetic model. This finding likely implies 1) a modifying influence of the heterozygous genetic background, 2)
PUTATIVE ARTERIAL PRESSURE loci have been identified on over half of the chromosomes of the spontaneously hypertensive rat (SHR) and on numerous chromosomes of the Dahl salt-sensitive (Dahl-S) hypertensive rat (5, 16, 17, 21) . However, when individual loci are separated out and expressed on a uniform homozygous genetic background, as in congenics or consomics, their individual contributions to elevated arterial pressure sums to greater than 100% of the total observed hypertension in the original genetic model. This finding likely implies 1) a modifying influence of the heterozygous genetic background, 2) the presence of both arterial pressure lowering as well as elevating loci in all rat strains, or 3) both contributing influences. Such a conclusion has ominous implications in the search for genes contributory to human essential hypertension, as well as to the design of new pharmacotherapeutic tools. However, it is more likely what should be expected for a complex trait like arterial pressure, which has an essential role in survival of the organism and therefore must have multiple redundant regulatory systems. In the search for arterial pressure loci contributing to hypertension in the SHR, rat chromosome 2 has proven exceptionally challenging in identifying arterial pressure loci despite the fact that some of the first quantitative trait loci (QTL) were reported to be present on this chromosome. We previously reported evidence for a locus around marker P9Ka (14) from analyses of F2 progeny derived from a cross between La Jolla SHR (SHR/lj) and Wistar-Kyoto (WKY/lj) strains, which was close to sites reported by other investigators derived from studies of a variety of hypertensive models and/or congenic strains (2-4, 7, 13, 15, 18, 19) . Recently, we identified a systolic arterial pressure (SP) locus responsive to an air-puff startle stress stimulus on chromosome 2 around markers D2Mgh24-D2Mgh12 (20) . Taken together, the evidence suggests multiple arterial pressure loci on this chromosome.
The present study was initiated to dissect out the locus in or around P9Ka and to begin fine mapping of specific variants responsible for increased arterial pressure. Four congenic strains were produced by introgression of various segments of chromosome 2 between WKY/lj and SHR/lj, both from our La Jolla colony. After confirming the presence of arterial pressure loci within the segments transferred using telemetry, the segments were further narrowed by constructing congenic substrains from the original reciprocal congenic strains. Since studies of Dahl R/S strains (11) indicated that chromosome 2 also contains salt-sensitive arterial pressure loci, we tested the interaction between high dietary salt intake (8%) and the introgressed chromosome 2 segments on arterial pressure. The results of these studies point to a cluster of arterial pressure alleles on chromosome 2 with opposArticle published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
ing influences on arterial pressure and extensive sensitivity to dietary and environmental stressors.
METHODS
Rat strains. Inbred colonies of SHR/lj and WKY/lj have been bred and housed in our facility for over 50 generations. The rats were originally obtained as inbred from Charles River Laboratories (Wilmington, MA) in the early 1980s and have brother-sister mated since. Post-weaning and prior to instrumentation, all rats were housed in groups of three in clear plastic cages with wood shavings, with food and water ad libitum. The vivarium was temperature (20 Ϯ 1°C) and light (12:12-h light/dark cycles, 6:00 AM to 6:00 PM) controlled. All animal studies were reviewed and approved by the University of California San Diego Institutional Animal and Care and Use Committee (IACUC) and were conducted in conformity with the APS "Guiding Principles for Research Involving Animals and Human Beings."
Designation of congenic strains and substrains. Four initial chromosome 2 congenic strains were produced in the present study and are designated as WKY/lj-SHR/lj-2a, WKY/lj-SHR/lj-2b, SHR/lj-WKY/lj-2c, and SHR/lj-WKY/lj-2d. In each of these strains, the first strain denotes the recipient, while the second refers to the donor; "2" refers to the chromosome targeted, and the lowercase letter identifies each congenic strain. These congenic strains will be referred to by the chromosome and lower case identifier, i.e., 2a, 2b, 2c, and 2d. A total of nine congenic substrains were then constructed from the original congenics, 2a and 2c. All congenic substrains derived from WKY/lj-SHR/lj-2a are identified by an uppercase letter designation, 2a-A, 2a-B, 2a-C, 2a-D, 2a-E, and 2a-F, while substrains derived from SHR/lj-WKY/lj-2c are 2c-G, 2c-I, and 2c-J.
Congenic crosses. The original congenics, 2a through 2d, were derived by the intercrossing of WKY/lj and SHR/lj to yield F1 hybrids which were then backcrossed to the desired recipient strain, WKY/lj or SHR/lj. Starting with the second backcross generation, 10-15 polymorphic markers spanning the segment being transferred were genotyped in the offspring and used to identify optimum male or female breeders. After nine successive generations of selective backcrossing, the donor's genetic background was eliminated by over 99.9%. The differential chromosome 2 segment was then fixed and made homozygous by crossing appropriate male and female animals. Following marker-based selection, the homozygous congenic strains were maintained through brother sister mating. Animals phenotyped and reported in the present study were in the 5th to 7th generation of inbreeding Congenic substrain crosses. To obtain the congenic substrains following initial phenotyping of the original congenic strains, the WKY/lj-SHR/lj-2a (2a) congenic was backcrossed to WKY/lj, while the SHR/lj-WKY/lj-2c (2c) was backcrossed to SHR/lj, to yield rats heterozygous within the original introgressed chromosomal segments. These heterozygous (F 1) rats were intercrossed, and progeny were marker-selected for a second round of breeding to generate animals with segmental homozygosity. The fractionated chromosomal segments were then fixed in the new congenic substrains through brother-sister mating. The congenic substrains phenotyped in the present study were in the 5th to 6th generation of inbreeding.
Genotyping. Post-weaning pups (4-6 wk of age) were briefly anesthetized with halothane-oxygen, a 10-mm tip from the tail was surgically removed, the wound was cauterized, and the tissue was snap-frozen and stored at Ϫ70°C. Genomic DNA was isolated from tail snips by phenol-chloroform extraction and ethanol precipitation. Genotyping used the polymerase chain reaction (PCR) amplification of DNA microsatellites. Primers (Research Genetics, Huntsville, Al) were selected based on their map locations (http://rgd.mcw. edu/) and on their being polymorphic between parental strains. The PCR reaction volume of 25 l contained 1.5 mM MgCl 2, 50 M of each dNTP (Boehringer Mannheim, Indianapolis, IN), 0.264 M of each primer, 1 U Taq polymerase (Promega, Madison, WI), and 0.5-1.5 g rat genomic DNA. PCR cycling consisted of an initial 94°C denaturation for 3 min followed by 34 cycles of 93°C (40 s), 55°C (40 s), and 72°C (90 s) using an Ericomp TwinBlock Cycler System (Ericomp, San Diego, CA). PCR products were analyzed on a 7% polyacrylamide gel at 25 mA constant current, and amplified DNA products were visualized with ethidium bromide. Gels were photographed, and each gel and photograph was scored independently by two readers.
Chromosome 2 mapping. To determine the length of the differential chromosome 2 segments transferred, we typed the congenic strains using 40 microsatellite markers polymorphic between the SHR/lj and WKY/lj parental strains (Fig. 1) . The map positions of the markers were determined utilizing the rat genome data available at http://rgd.mcw. edu. The congenic status of the background was confirmed using an additional 64 polymorphic microsatellite markers scattered throughout the genome and confirmed to be polymorphic between our SHR/lj and WKY/lj (Table 1) .
Cardiovascular phenotyping. The Data Sciences (Data Sciences International, St. Paul, MN) radiotelemetry monitoring, collection, and analysis system was used and yielded measurements of systolic pressure (SP), mean pressure (MAP), diastolic pressure (DP), heart rate (HR), and locomotor activity, whereas pulse pressure (PP) was derived. Rats at 11 wk of age were anesthetized with halothane-oxygen, a midline abdominal incision was made, and the descending abdominal aorta was exposed. The telemetry probe (TA11PA-C40) catheter was inserted into the abdominal aorta and advanced rostrally to lie just below the renal arteries. The catheter was secured in place with tissue glue, and the probe was secured and tested before closure of the incision. Rats were housed individually in a vivarium room dedicated for telemetry acquisition with restricted human access. Each rat cage was assigned a designated telemetry receiver (RPC-1). One week after surgery, implanted probes were turned on, and collection of data commenced. SP, DP, and HR were recorded in unanesthetized, unrestrained, and undisturbed rats as 5 s averages every 5 min, day and night, for a period of 10-30 days. All data were off-loaded from the acquisition computers for subsequent analyses. Probe drift was checked and corrected for as recommended by the manufacturer. To test the interaction between dietary salt and the differential chromosome 2 segments, rats were sequentially monitored for at least 10 days while on "standard diet" (0.7% NaCl) or "high-salt diet" (8% NaCl) followed by a return to "standard diet" (0.7% NaCl). Telemetry measurements were made on progenitors [WKY/lj (n ϭ 11) and SHR/lj (n ϭ 9)] and the four congenic strains [WKY/lj-SHR/lj-2a (n ϭ 8), WKY/lj-SHR/ lj-2b (n ϭ 4), SHR/lj-WKY/lj-2c (n ϭ 8), and SHR/lj-WKY/lj-2d (n ϭ 6)] under both standard (0.7% NaCl) and high-salt (8% NaCl) diets. Similar measurements were taken in congenic substrains 2a-A (n ϭ 4), 2a-B (n ϭ 3), 2a-C (n ϭ 4), 2a-D (n ϭ 4), 2a-E (n ϭ 4), 2a-F (n ϭ 4), 2c-G (n ϭ 4), 2c-I (n ϭ 4), and 2c-J (n ϭ 4) under standard diet (0.7% NaCl), and selected congenic substrains were tested under high-salt diet (8% NaCl).
Data analysis. Over a 24-h period, all traits (i.e., SP, DP, MAP, HR, and locomotor activity) exhibited circadian variation with peak values during the dark (active) period and minimal values during the light (resting) period. Since the onset and offset transitions would confound averaging of arterial pressure and HR values, data were selected for analysis from a 6-h window in the middle of the 12-h rhythms between the hours of 9:00 AM to 3:00 PM (resting) and 9:00 PM to 3:00 AM (active). From the 24 h data collected every day (288 data points/day), the 72 data points from each window were extracted and averaged for each rat for each day. The averaged light or dark period values were then taken as repeated measurements. Likewise, since changes between low-and high-NaCl diets caused a transient lag in cardiovascular responses, values obtained between the 4th and the 10th day of each diet was averaged. A repeated measure ANOVA and one-way ANOVA with a Duncan multiple comparison test was performed to compare the values obtained between and within groups and P Ͻ 0.05 was set in advance as the level of significance.
RESULTS

Introgressed segment lengths in congenic strains and
substrains. Genotype analysis of markers on chromosome 2 confirmed the successful transfer of a defined segment of chromosome 2 from the SHR/lj onto the WKY/lj genetic background and reciprocally from WKY/lj onto the SHR/lj background ( Fig. 1) . The congenic strains and substrains generated, as well as both the minimum homozygous segment length as delineated by the donor genotype and the polymorphic markers which define the first marker location homozygous for the recipient genotype, are shown in Table 2 . Transferred segments vary from 3.1 to 89.5 cM.
Cardiovascular traits of progenitor and WKY/lj congenic strains. Averaged cardiovascular traits during the 6-h windows, both light and dark periods, are illustrated across 28 days of telemetry measurements for the WKY/lj progenitor strain and for the 2a and 2b congenic strains (Fig. 2) , and results are summarized in Table 3 . Values for SP, DP, MAP, and PP of WKY/lj were stable across 10 days of control standard NaCl diet (0.7%), increased significantly during the 8% NaCl diet, but reverted back upon discontinuation of the high-NaCl diet. HR decreased (P Ͻ 0.05) during the high-NaCl diet. Upon introgression of SHR/lj segments SP, DP, and PP increased in both 2a and 2b at all time Sixty-four microsatellite markers were tested.
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Physiol Genomics • VOL 10 • www.physiolgenomics.org points regardless of the diet. The maximum differences in SP and DP between WKY/lj and the 2a congenic strain during standard NaCl diet were ϩ7.6 and ϩ4.0 mmHg, respectively, and between WKY/lj and 2b, ϩ16.6 and ϩ10.6 mmHg, respectively (Table 3) . Upon introduction of the 8% NaCl diet, the average increase in SP was 10 Ϯ 1 mmHg for WKY/lj and 2a, whereas 2b increased 13 Ϯ 1 mmHg (Fig. 3) . Correspondingly lower increases were found in DP, whereas changes in PP due to the 8% NaCl diet were comparable in all three strains: WKY/lj 5 Ϯ 0.4 mmHg increase; 2a, 3 Ϯ 0.3 mmHg; 2b, 5 Ϯ 0.6 mmHg. Light and dark HR of congenic 2a paralleled closely WKY/lj both during control and high-NaCl diets; however, 2b was significantly (P Ͻ 0.05) lower than WKY/lj during both 0.7% and 8% NaCl and was unresponsive to the 8% NaCl, in contrast with WKY/lj. Despite having a smaller introgressed SHR/lj segment (25 cM), 2b exhibited higher baseline SP, DP, MAP, and PP values compared with 2a, which had a larger introgressed SHR/lj segment length (72 cM). Unlike WKY/lj, which exhibited full reversibility in arterial pressures after discontinuance of high-NaCl diet, congenic strains 2a and 2b both retained significantly (P Ͻ 0.05) elevated SP, DP, MAP, and PP compared with pre-8% NaCl baseline values implying a degree of irreversibility to the high salt conferred by the introgressed segments. The circadian variation in SP, DP, MAP, and HR was evident in all strains, whereas PP variation over the 24-h period was minimal, but consistently lower during the active periods (dark). Cardiovascular traits of WKY/lj congenic substrains. Fragmentation of the introgressed SHR/lj segments in the congenic substrains revealed the likely presence of multiple alleles affecting arterial pressure in a complex manner. Substrains 2a-E and 2a-F were studied across 16 days of telemetry measurement, which included standard and high-NaCl diets (Table 3) , whereas the response to 8% NaCl was not studied in the remaining congenic substrains (Table 4) . During standard 0.7% NaCl diet, 2a-E and 2a-F (Table 3 ) and 2a-A and 2a-B (Table 4 ) exhibited significantly (P Ͻ 0.05) higher SP than WKY/lj ϩ4, ϩ5, ϩ9, and ϩ6 mmHg, respectively (Fig. 1B) , whereas the effects on DP were more variable. PP was elevated in all substrains except 2a-B, compared with WKY/lj, likely reflecting strain-specific enhancement of SP or diminished DP. Baseline daytime and nighttime HR was significantly (P Ͻ 0.05) lower in substrains 2a-E (Ϫ15 and Ϫ22 beats/min), 2a-C (Ϫ22 and Ϫ25 beats/min), and 2a-D (Ϫ25 and Ϫ18 beats/min) compared with WKY/lj.
Cardiovascular traits of SHR/lj and SHR/lj congenic strains and substrains. The cardiovascular effects of introgressing WKY/lj alleles onto an SHR/lj background are illustrated in Fig. 4 and summarized in Table 5 . SHR/lj light and dark period SP, DP, MAP and PP exhibited a small drift to higher values over 10 days of standard (0.7%) NaCl diet. While all pressure measurements profoundly increased during 8% NaCl, averaged HR values decreased (P Ͻ 0.05). Following high salt, and upon resubstitution of the 0.7% NaCl diet, SP, DP, and MAP all decreased, but their time-dependent drift upward steepened (Fig. 4) ; only PP reversed and maintained the same upward slope. Post-8% NaCl, HR increased in SHR/lj but failed to return to pre-8% NaCl baseline values. Insertion of WKY/lj alleles in the 2c congenic strain led to significantly lower SP and PP at all time points, regardless of diet, whereas only dark period DP was reduced. As in the SHR/lj parental strain, in 2c the 8% NaCl diet increased SP, DP, MAP, and PP accompanied by a lowered HR (Table 5) . When referenced to SHR/lj, the 2d congenic strain with the smallest introgressed SHR/lj segment (7 cM) exhibited no difference in standard diet SP and HR, but did show a small and significant increase in DP and a decrease in PP. The 8% NaCl diet increased SP and DP in the 2d congenic; however, the SP increase was less than that observed with SHR/lj (Table 5, Fig. 3 ). In contrast, 2d exhibited an equivalent or greater increase in DP than did SHR/lj, resulting in an apparent dampening effect of the transferred segment on PP expression. There was no change in 2d HR during the 8% NaCl diet (Fig. 3) . Substrains 2c-J and 2c-I, which share a common WKY/lj chromosome 2 segment of 32.1 cM, between markers D2Rat161 and D2Rat50, exhibited significantly (P Ͻ 0.05) lower daytime and nighttime SP, DP, MAP, and PP during both standard and 8% NaCl diets (Table 5 , Fig. 3 ). In contrast, SP, DP, and PP were not decreased in congenic substrain 2c-G during 0.7% NaCl diet.
SHR/lj congenic strains with introgressed WKY/lj alleles
2c D2Rat153-D2Rat185 82.5 D2Rat10-D2Mgh13 89.5 2d D2Rat42-D2Mgh10 3.1 D2Rat40-D2Rat50 7.6 2c Congenic substrains 2c-G* D2Rat15-D2Rat27 21.4 D2Rat10-D2Rat28 26.8 D2Mit8-D2Rat50 16.4 D2Rat161-D2Rat241 41.1 2c-I D2Mit8-D2Rat50 16.5 D2Rat161-D2Rat241 41.1 2c-J D2Rat21-D2Rat40 37.9 D2Rat15-D2Rat50 58.1 Congenic strains and substrains 2a, 2b, 2c 2d,
DISCUSSION
The first finding of this study is the confirmation that rat chromosome 2 contains QTL for arterial pressure, making these chromosomal loci the most common and conserved across hypertensive rat models. For example, in addition to our initial (14, 20) and present findings, arterial pressure loci on this chromosome have been reported from intercross studies involving the following: Lyon hypertensive and normotensive strains (6); WKY and stroke-prone SHR (SHRSP) (2); Dahl salt-sensitive rats (Dahl-S) and WKY (4); Dahl-S and the Milan normotensive strain (MNS) (4); SHR and WKY (18); Brown-Norway (BN) and SHR (19) ; and in constructed congenic strains (3, 7, 13, 15) . In this same context, it is interesting that no QTL were detected in F2 progeny from Dahl-S and SHR rats (9) . These loci are likely conserved across other species including humans (7, 20). When comparing 2a and 2b WKY/lj congenic strains harboring SHR/lj segments, the length of the transferred segment is larger but the magnitude of arterial pressure increase is smaller in the former than the latter. If one assumes that there is a single arterial pressure QTL in the introgressed part of the segment, then the congenic with the larger segment should have exhibited a similar arterial pressure increase to that with the smaller; however, this is not our finding. Deng et al. (3) reported a similar finding in two congenic strains with introgressed chromosome 2 segments from the WKY or MNS onto the Dahl-S background. They found that arterial pressures were decreased (44 and 29 mmHg, respectively), compared with the Dahl-S, although the region introgressed from the MNS congenic was a larger chromosomal segment than that of the WKY. They hypothesized that this difference could have arisen 1) if the QTL allele of the WKY rat was different from that of the MNS rat, 2) if the WKY and MNS rats have the same QTL alleles in the D2Mgh12 region but the larger substitution in the MNS congenic strain also contained the D2Mit6 locus, which modified the arterial pressure effects of the former QTL, or 3) if there are additional arterial pressure QTL located in this region of chromosome. In a related study by Jeffs et al. (13) a similar finding and explanation was advanced.
These disparate findings lead to the second major conclusion of our study, namely, the presence of multiple and contrasting arterial pressure loci within these segments of rat chromosome 2. Based on the results of this study, we would propose that arterial pressure effects observed in any chromosome 2 congenic strain derive from the composite effects of multiple and separate QTL. Our results also argue for the presence of arterial pressure lowering QTL whose contributions may be evident or masked, depending on the segments transferred and the genetic background. For example, the smaller arterial pressure increase observed in the 2a congenic, relative to 2b, could be explained by the presence of a depressor QTL in the region not shared by 2b, and a pressor QTL in the region common to both 2a and 2b. Therefore, the resultant effect of in the 2a congenic would be a smaller blood pressure (BP) increase compared with the 2b where the pressor QTL action is unopposed. The findings from the substrains derived from congenic 2a, discussed next, also support this hypothesis.
Congenic substrain 2a-C, with a fractionated part of the original congenic 2a, exhibited a very small change in arterial pressure compared with 2a. Since 2a-C differs from 2a largely in lacking the transferred SHR/lj segment between markers D2Rat21 and D2Rat161, this result would support a hypothesized depressor "dBP QTL" between markers D2Rat161 and D2Mgh10, a region shared by 2a and 2a-C and excluded from 2b. The hypotensive effect of dBP QTL appears to completely counterbalance a pressor QTL, here designated as "pBP2 QTL," and represented in 2b, since substrain 2a-C did not exhibit arterial pressure change. This raises the possibility of a third pressor QTL, designated as "pBP1 QTL," located between markers D2Rat21 and D2Rat161 and responsible for the increased arterial pressure exhibited by 2a. In support of this thesis, congenic substrain 2a-B, which has the introgressed segment between D2Rat21 and D2Rat27, exhibited a relatively similar increase in SP to that observed in 2a, particularly during nighttime, 
WKY/lj, WKY/lj-SHR/lj-2a, WKY/lj-SHR/lj-2b, and WKY/lj-SHR/lj-2a congenic substrains 2a-E and 2a-F are defined in the text. Each value is the mean Ϯ SE of the 6-h window of light and dark period sampled for n ϭ 4-11 rats per group. Data for "0.7% NaCl" are 10 days averaged values; data for "8% NaCl" are averaged values obtained between the 4th and the 10th day. SP, systolic arterial pressure; DP, diastolic arterial pressure; PP, pulse pressure; HR, heart rate. * P Ͻ 0.05 vs. corresponding values of WKY/lj. † P Ͻ 0.05 vs. corresponding values of 0.7% NaCl.
thereby further narrowing the location of pBP1 QTL to this 8 cM region. Thus our results from the WKY/lj congenic strains and substrains study, would suggest at least three arterial pressure-related QTL in the transferred SHR/lj chromosome 2 segment; two pressor QTL, pBP1 QTL, positioned between ϳ30 to ϳ40 cM on the rat map, and pBP2 QTL, positioned ϳ80 to ϳ100 cM [D2Mgh10 and D2Rat62]; and one depressor QTL, dBP QTL, tentatively positioned at ϳ45 to ϳ80 cM; however, this segment length will be narrowed when the SHR/lj congenics are discussed below.
Our findings are in agreement with studies which have reported arterial pressure-related QTL in the vicinity of pBP1 QTL. For example, in an F2 intercross between Lyon hypertensive and normotensive strains, a significant linkage was established between PP and the carboxypeptidase B gene (CPB) positioned between ϳ30 to ϳ40 cM on the rat map (6). In addition, from an F2 cross between SHRSP and WKY, a basal BP QTL was reported with its peak close to D2Mit6, 9.8 cM from the CPB gene (2) . We would conclude that the physiological effect of the SHR/lj pBP1 QTL, when transferred onto the WKY/lj genome, is to increase basal and high-salt SP, DP, and PP by an average of 8, 4, and 4 mmHg, respectively.
Evidence supporting the presence of arterial pressure-related QTL in the vicinity of pBP2 QTL come from linkage studies in F2 progeny from WKY ϫ S, Fig. 3 . Bar graph illustrating 8% dietary NaCl-induced changes in cardiovascular parameters for SHR/lj, congenic strains (SHR/lj-WKY/lj-2d, and SHR/lj-WKY/lj-2c) and congenic substrains (2c-J and 2c-I) (left) and for WKY/lj, congenic strains (WKY/lj-SHR/lj-2a and WKY/lj-SHR/lj-2b), and congenic substrains (2a-E and 2a-F) (right). Panels document changes due to the 8% NaCl diet on heart rate change (⌬HR) (A and D), systolic pressure (⌬SP) (B and E), and diastolic pressure (⌬DP) (C and F) during the 6-h window of day-rest (open bar) and night-active (solid bar) periods. Values are means Ϯ SE of n ϭ 4-11 rats per group. Left: *P Ͻ 0.05 vs. corresponding SHR/lj; † P Ͻ 0.05 vs. corresponding light period. Right: § P Ͻ 0.05 vs. corresponding WKY/lj; ‡ P Ͻ 0.05 vs. corresponding light period.
MNS ϫ S, and SHRSP ϫ WKY in an area bracketed between ϳ80 and ϳ100 cM on the rat map (2, 4). Additional evidence comes from the backcross population derived from a Lyon hypertensive and Lyon normotensive cross, where a QTL was proposed (positioned between ϳ72 and ϳ101 cM, Fig. 1 ) that influences the systolic and diastolic arterial pressure responses to administration of a dihydropyridine calcium antagonist, PY108-068 (22) . Thus we would conclude that the physiological effect of the SHR/lj pBP2 QTL, when transferred onto the WKY/lj, is to increase baseline and salt loaded SP, DP, and PP by an average of 18, 12, and 6 mmHg, respectively.
The finding of putative hypotensive loci in hypertensive strains is not unreasonable given the random segregation of genes in their derivation. Further, Garrett et al. (8) analyzed F2 progeny from a cross between Dahl-S and Lewis rats and reported an arterial pressure QTL on chromosome 2 with the pressor allele for arterial pressure coming from the Lewis normotensive strain. Our results from the WKY/lj congenics is that the physiological effect of the SHR/lj dBP QTL, when transferred onto the WKY genome, is to lower SP and DP by Ϫ14 and Ϫ11 mmHg, respectively, as calculated from the differences between 2b congenic strain and 2a-C substrain. It would be interesting if this allele were lacking in the SHRSP, thereby potentially contributing to the greater arterial pressure in this strain.
The third major finding of the present study comes from the reciprocal congenics where WKY/lj segments were transferred onto the SHR/lj genome. The two congenic substrains, 2c-I and 2c-J, which contain only part of the original introgressed segment of the 2c congenic, exhibit a similar magnitude of arterial pressure decrease as the 2c implying a major QTL is located within the overlap region of 2a, 2c-I, and 2c-J (Fig. 1) . The third congenic substrain, 2c-G, which did not exhibit a decrease in arterial pressure but shares segments in common with 2c-I and 2c-J, narrows the location of the QTL to a segment of ϳ16 cM. between markers D2Rat161 and D2Mit8 and positioned ϳ46.6 to ϳ62.5 cM (Fig. 1) . We would tentatively designate this site "pBP3 QTL" and propose it lies within markers D2Rat161 and D2Mit8 (Fig. 1) . Deng et al. (3) reported the existence of an arterial pressure QTL on chromosome 2 in the region corresponding to that of pBP3 QTL region based on two congenic strains introgressing WKY or MNS segments onto the Dahl-S. This QTL region was further narrowed by constructing congenic substrains from the original MNS congenic and localized to a region bracketed by gene markers NEP (neutral endopeptidase) and GCA (guanylyl cyclase A/atrial natriuretic peptide receptor), which corresponds to ϳ58.3 to ϳ70 cM on the map (7). This is also in proximity to our originally estimated marker, P9Ka (14) . Recently, Pravenec et al. (15) reported on a congenic derived by transferring a segment of BN chromosome 2 onto the SHR between D2Rat171 and D2Arb24 (ϳ50 to ϳ85 cM position). They found the BN alleles significantly lowered systolic and diastolic pressures and ameliorated cardiac hypertrophy. Jeffs et al. (13) transferred a segment of WKY chromosome 2, containing a region corresponding to the pBP3 QTL, onto the SHRSP genetic background and reported lowered baseline and salt-loaded systolic arterial pressure in male congenics, compared with SHRSP. Our results would suggest that the physiological effect of the WKY/lj pBP3 QTL, when placed onto the SHR/lj genome, lowers baseline and salt loaded SP, DP, and PP by an average of Ϫ12, Ϫ7, and Ϫ8 mmHg, respectively.
The SHR/lj congenic strains and substrains permit a further localization of the proposed "dBP QTL." Specifically, inspection of Fig. 1 shows that the arterial pressure lowering effects of transferring the WKY/lj segments in 2c, 2c-I, and 2c-J are equivalent and maximal. However, these segments also overlap that within which we have attributed an arterial pressure lowering effect to an SHR allele. Although one explanation could be that expression of the dBP QTL is affected by genetic background interactions, a second explanation, consistent with our data, is that dBP QTL lies within the short segment transferred into 2d. Transfer of this segment has, however, selective effects on arterial pressure; namely, it lowers diastolic but not SP, since its replacement with a WKY/lj allele in the 2d congenic strain increased DP. If dBP QTL were located within or adjacent to this segment of 2d, then it would also explain the large diastolic pressure elevation observed in 2b, since the effect of the proposed SHR/lj pBP2 QTL would be unopposed. It is hypothesized that the SHR arterial pressure lowering QTL lies within this short segment on chromosome 2. The fourth finding of our study is that an 8% highsalt diet induced greater increases in arterial pressure in SHR/lj parental, congenic strains and substrains than in WKY/lj parental, congenic strains and substrains. Furthermore, most strains exhibited salt-induced bradycardia , the magnitude of which was generally greater in WKY/lj congenic and parental strains than in SHR/lj congenic and parental strains. Congenic strain 2d, with the smallest introgressed WKY/lj chromosome 2 segment lacked the ability to decrease HR during high salt, whereas substrain 2c-I, which has a region between markers D2Rat40 and D2Mgh10 in common with the 2d congenic, roughly 6.9 cM, also exhibited a significantly less salt-induced HR decrease, particularly during the active (night) period. This finding may identify a heart rate locus, tentatively designated as "HR1 QTL," which exerts a complex effect potentially limited through interaction with other genes, as its effect appears to depend, in part, on the simultaneous presence of an SHR/lj allele between markers D2Mgh10 and D2Rat63, since the reciprocal congenic strain 2b also lacked the ability to decrease HR during high salt. We would conclude that a WKY/lj allele (within D2Rat40-D2Rat50) along with an SHR/lj allele (within D2Mgh10-D2Rat63) is required for the phenotypic expression of the HR1 QTL effect. Recently, Jaworski et al. (12) reported finding a chromosome 2 QTL for the air-puff stimulus-induced orienting response bradycardia centered around marker D2Rat61/62 (positioned at ϳ96.7 cM, Finally, our studies provide insight into relationships between reversibility of arterial pressure to transient increases in dietary NaCl. In most studies utilizing the SHR, 8% NaCl is placed in the chow with water ad libitum; however, with SHRSP this salt concentration is too high, as it leads to significant morbidity and mortality (1), and 1-2% NaCl is generally placed in the drinking water (13) . In the current study, the use of 8% NaCl diet led to evidence of altered systemic hemodynamics as reflected in irreversibility of arterial pressures and/or altered time-dependent rates of change in WKY-substituted congenic strains and substrains. We have no explanation for this phenomenon. In the use of 8% NaCl diets, we have never observed mortality in SHR strains. Additionally, the duration of the 8% NaCl diets were relatively short (16 to 21 days). Griffin et al. (10) recently reported on a comparison between SHR and SHRSP and failed to document significant renal damage in the SHR resulting from the 8% NaCl diet; however, they did show significant effects on the SHRSP. We cannot attribute our observations as indicating alleles on chromosome 2 which determine renal damage, especially since no chromosome 2 QTL have been reported. However, the loss of reversibility in the WKY strains with introgressed SHR segments raises questions on studies seeking the genetic bases for hypertension related renal damage. Further salt studies are needed on all congenic substrains.
In conclusion, this study confirms the presence of multiple arterial pressure QTL on rat chromosome 2. Utilizing reciprocal congenic strains and substrains, we identified and narrowed the location and physiological effects of these loci. Our results are interpreted to indicate the likely identification of three pressor QTL and one putative heart rate locus in four reciprocal congenic strains and nine substrains. We also present evidence for a depressor QTL in SHR/lj. The finding of a depressor allele in the SHR rat might explain, in part, discrepancies in the literature about the magnitude of arterial pressure effects of various reported QTL. The physiological effects of the loci appear to reflect the influence of gene and gene-product interactions and, in particular, on effects of the genetic background. Based on our findings, we tentatively assigned identifications to these four arterial pressure and one heart rate QTL to facilitate comparisons between laboratories and crosses, and across different genetic maps. Chromosome 2 appears from our other studies to be a chromosome rich in genes that determine cardiovascular and behavioral traits, stress responses, and the coordinated coupling between stress and the cardiovascular system. The finding of multiple arterial pressure QTL on this chromosome implies that identifying specific genes will ultimately necessitate sequencing through the genomes of multiple congenic substrains, all of which have been accurately phenotyped for cardiovascular parameters, including dietary NaCl manipulations. These new chromosome 2 congenic strains and substrains can be used to define loci more precisely and to correlate genetics with other traits, including neurohumoral indices, and we offer them to other laboratories interested in pursuing these goals.
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